Apparatus. Rat hearts were Langendorff perfused with Krebs-Henseleit media containing varying amounts of lactate and H ϩ . Salts (Sigma Diagnostics, St. Louis, MO) were of the highest available purity, and care was taken to maintain near constant ionic strength (Table 1) . The media were equilibrated in membrane oxygenators at PO 2 ϭ 619 Ϯ 18 mmHg (mean Ϯ SE) and PCO 2 ϭ 43 Ϯ 1 mmHg. A peristaltic pump (Gilson, Villiers Le Bel, France) delivered the medium at fixed flow (15 ml/min) to an 8-µm-pore size filter (Nucleopore, Pleasanton, CA), the preheater, and the aortic cannula. All the components of the perfusion system were kept at 37°C by an external water bath (Endocal, Neslab Instruments, Newington, NH).
protective during reperfusion of ischemic tissue, because it decreases tissue energy needs, thereby enhancing myocardial recovery (11, 19, 21) .
There are instances unrelated to ischemia, e.g., heavy exercise, when blood lactate concentration ([lactate]) may reach 20 mM (10) . This raises the issue of whether or not such a high [lactate] may become relevant for heart contractility even under normal perfusion conditions. A significant question is to what extent the possible effects are caused by the lactate anion versus H ϩ . Hogan et al. (13) reported that high [lactate] and high blood H ϩ concentration ([H ϩ ]) independently depress contractility in working dog muscle. Andrews et al. (3) showed a biphasic specific effect of L(ϩ)-lactate (maximal at [lactate] ϭ 25 mM) on Ca 2ϩ -activated force in cardiac papillary fibers independent of pH. Cairns et al. (5) found that exposure of myocytes to 20 mM [lactate] exacerbates the intracellular Ca 2ϩ load induced by acidosis. Studies in ischemic-reperfused, isolated hearts show that lactate, and not H ϩ , contributes to the postischemic damage (8) . Indeed, in that model, hearts did not recover at all from ischemia when perfused with 10 mM [lactate] . Although this observation can be explained with increased lactate-to-pyruvate and hence NADH-to-NAD ϩ ratios, it appears important to assess whether high [lactate] and/or high [H ϩ ] may impair cardiac function independently of ischemia-reperfusion. The aim of this study was therefore to test the separate effects of elevated levels of high [lactate] and high [H ϩ ] in normally perfused hearts, thereby excluding the potentially confounding effects of ischemia.
MATERIALS AND METHODS
Apparatus. Rat hearts were Langendorff perfused with Krebs-Henseleit media containing varying amounts of lactate and H ϩ . Salts (Sigma Diagnostics, St. Louis, MO) were of the highest available purity, and care was taken to maintain near constant ionic strength ( Table 1) . The media were equilibrated in membrane oxygenators at PO 2 ϭ 619 Ϯ 18 mmHg (mean Ϯ SE) and PCO 2 ϭ 43 Ϯ 1 mmHg. A peristaltic pump (Gilson, Villiers Le Bel, France) delivered the medium at fixed flow (15 ml/min) to an 8-µm-pore size filter (Nucleopore, Pleasanton, CA), the preheater, and the aortic cannula. All the components of the perfusion system were kept at 37°C by an external water bath (Endocal, Neslab Instruments, Newington, NH).
Heart perfusion. Male Sprague-Dawley rats fed ad libitum (wt 250-280 g) were anesthetized with an intraperitoneal injection of heparinized thiopental sodium (10 mg/100 g body wt). Hearts (average wt 0.90 Ϯ 0.05 g) were rapidly excised,
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immersed in isotonic saline solution (20°C), and mounted on the system. A saline-filled latex balloon, introduced into the left ventricle, was connected to a pressure transducer (model 52-9966, Harvard Apparatus, Natick, MA) to measure enddiastolic pressure (EDP), left ventricular developed pressure (LVDP), maximal rate of contraction (ϩdP/dt max ) and relaxation (ϪdP/dtmax), and heart rate (HR). Coronary perfusion pressure (CPP) was monitored by an additional transducer connected to the aortic cannula. Venous return was collected from the pulmonary artery to measure venous PO 2 (model 5300 Oxygen Monitor, YSI, Yellow Springs, OH) and hence O 2 uptake (V O 2 ).
Protocols. Hearts were stabilized for 30 min with pH 7.4, zero-lactate buffer (baseline). During this period, the balloon volume was adjusted to achieve EDP Ϸ 10 mmHg and was kept constant for the remainder of the experiment. After control measurements, the perfusing medium was changed in various sequences (Table 2 ). To determine tissue pH and tissue [lactate] at the end of the last period, some hearts were freeze-clamped with tongs previously cooled in liquid nitrogen and were stored at Ϫ80°C until analysis.
Biochemical analyses. The heart was removed from liquid nitrogen, and a small sample (ϳ100 mg) was quickly cut from the lower left ventricle. The sample was weighed, frozen, and homogenized in a medium (10 µl/mg) containing (in mM) 145 KCl, 10 NaCl, and 5 iodoacetic acid, pH 7.0 (7). The mixture was subjected to repeated grinding with a ground-glass rod in ice water. For tissue pH analysis, an aliquot of the homogenized sample was immediately analyzed using a blood gas-pH analyzer (Ciba Corning M238, Milan, Italy) (7). The remainder was used for tissue lactate analysis by enzymatic methods (ESAT 6661, Eppendorf, Hamburg, Germany).
Statistics. Data are expressed as means Ϯ SE. To detect significant differences, we used the two-tailed Student's t-test for paired and unpaired observations as appropriate. The level of significance was set at P Ͻ 0.05.
RESULTS
The pH measured in the arterial inflow and in the venous effluent, as well as tissue pH and tissue [lactate], are reported in Table 3 . Table 4 reports myocardial performance during control perfusion. Figure 1 shows the performance before, during, and after a lactate (group 3) or H ϩ challenge (groups 1 and 2 combined) for periods 1-3 of Table 2 . The significance of the effects of high [lactate] and high [H ϩ ] is tested against the first control condition, unless otherwise stated. Some parameters were not in a steady state at the end of the 10-min H ϩ or lactate challenge, so final values were used to indicate effects.
LVDP declined to 81 and 80% of control for the lactate and H ϩ challenges, respectively (P ϭ 0.002 for both). On return to control conditions, H ϩ -challenged hearts partially recovered LVDP (P ϭ 0.02 vs. control), whereas LVDP continued to decline steadily (P ϭ 0.005 vs. control, Fig. 1A http://ajpheart.physiology.org/ tions, HR was the same as in controls for both groups (P ϭ NS).
LVDP · HR, an index of heart energy expenditure, declined to 70 and 75% of control for the lactate and H ϩ challenges, respectively (P ϭ 0.001 for both). On return to control conditions, H ϩ -challenged hearts partially recovered LVDP · HR (P ϭ 0.03 vs. control), whereas LVDP · HR continued to decline steadily in lactatechallenged hearts (P ϭ 0.002 vs. control, Fig. 1C Fig. 1E ) and CPP (P ϭ 0.003, Fig. 1F ). On return to control conditions, H ϩ -challenged hearts maintained diastolic contracture and vascular resistance, but these parameters were more compromised in lactate-challenged hearts (P ϭ 0.05 between groups).
To gain further insight into possible mechanisms of action, we exposed hearts that had recovered from the H ϩ challenge to high [lactate], with and without high [H ϩ ] in alternate sequences (periods 4 and 5 of Table 2 ). The performance of lactate-challenged hearts was too unstable to allow further use. Data in Fig. 2 Table 2 . H ϩ (n ϭ 11 hearts, k) and lactate (n ϭ 5 hearts, r) challenges were given from t ϭ 20 min through t ϭ 30 min. Statistical tests performed at end of various periods: * P Ͻ 0.05 vs. baseline control perfusion. However, exercise is a multifactorial environment, and heart contractility is the overall result of the interaction of many changing variables, e.g., increased blood K ϩ , Ca 2ϩ , and catecholamines (15, 17 The homogenate technique is an accurate and practical method for the estimation of intracellular pH (7) because measurements of tissue pH by biochemical and 31 P magnetic resonance spectroscopy methods are highly correlated (20 . Because the heart is not a homogeneous tissue, it is not surprising that the same lactate or H ϩ loads cause different responses in the various tissues that constitute the myocardial mass. Although a certain degree of interaction among the various tissues is expected in ex vivo models, some features of the model used here allow a discussion of the effects of lactate or H ϩ in the various tissues.
The conducting system, the performance of which is best marked by HR changes, is influenced by H ϩ but not by lactate. This finding is in agreement with the studies by Karmazyn (14) and Cross et al. (8) . In the present study, an H ϩ load induces reversible HR depression, both in the absence (Fig. 1 ) and in the presence (Fig. 2) of a lactate load.
Because the volume of the intraventricular balloon is fixed at the start of the perfusion, EDP raises proportionally to diastolic contracture. This stems from impaired Ca 2ϩ sequestration into the sarcoplasmic reticulum secondary to low available ATP (2). EDP is influenced by lactate and H ϩ in similar amounts. When [H ϩ ] is restored to normal in the medium, EDP stabilizes, as opposed to steadily increasing when lactate is removed from the medium. The finding that high [lactate] may induce irreversible damage to the Ca 2ϩ -sequestration system is consistent with the hypothesis that glycolytic ATP is crucial to maintain Ca 2ϩ homeostasis (23) and thus that lactate-induced inhibition of glycolysis impairs the Ca 2ϩ -pumping mechanisms. Our finding is http://ajpheart.physiology.org/ supported by the observation that cardiac myocytes exposed to 20 mM lactate went into severe contracture (5) .
In this model with constant coronary flow, the changes in vascular resistance are best characterized by changes in CPP. Like EDP, CPP is influenced by lactate and H ϩ in similar amounts. Likewise, when normal [H ϩ ] is restored CPP stabilizes, as opposed to steadily increasing when lactate is removed from the medium. Although this might suggest irreversible damage inferred to the endothelium by lactate, the increased vascular resistance may be secondary to myocardial stiffness originated by diastolic contracture (22) .
A major constituent of the myocardium, the contractile system, is best assessed by both LVDP and LVDP · HR in this model. Fig. 1A with Fig. 2A ), it appears that the effects of the two challenges are not additive.
The 
-to-LVDP · HR ratio).
The latter observation is puzzling, because it is not likely that the extra V O 2 is directed to synthesize more ATP. The observed feature can thus be explained either with decreased bioenergetic efficiency or with increased ATP consumption in paths not linked to contraction. The first hypothesis might involve impaired phosphorylative coupling efficiency, possibly because high cell [lactate] dissipates the H ϩ gradient created by the electron transport chain via the lactate-H ϩ cotransport protein on the inner mitochondrial membrane (12) . However, such an effect would only be transient because once mitochondrial lactate equilibrates with cytosolic lactate, there would be no further impact. Alternatively, high cell [lactate] might have decreased the contraction coupling efficiency, but direct effects of lactate (up to 50 mM) on steady-state isometric force of contraction in rabbit fast and slow skeletal muscle fibers were excluded (6) . As for the second hypothesis, exposure of ventricular myocytes to 20 mM lactate was shown to increase the amplitude of Ca 2ϩ transients by 18% (5). The subsequent increased Ca 2ϩ load would have increased the O 2 cost to pump out Ca 2ϩ . Alternatively, the higher O 2 cost of contraction might be secondary either to a high NADH-to-NAD ϩ ratio that inhibits glycolysis (8) or to the inhibition of Na ϩ /H ϩ exchange (14) , which increases the intracellular Ca 2ϩ load and hence the cost to pump out Ca 2ϩ . As a matter of fact, our study is certainly not conclusive and is being followed by additional ones that examine in detail the various hypotheses.
In conclusion, both H ϩ and the lactate anion depress myocardial contractility even in non-O 2 -limited hearts, but our results show that different mechanisms are involved. For example, the various myocardial functions respond differently to the same lactate or H ϩ loads. In principle, the effect of H ϩ can be attributed to an allosteric-like inhibition of key enzymes. However, high [lactate] irreversibly impairs contractility, perhaps because the lactate-associated Ca 2ϩ overload limits the mitochondrial function.
